Vibration is a back and forth mechanical motion with a steady, uninterrupted rhythm about an equilibrium point. There are two types of vibration; natural (or free) and forced. Natural vibration occurs as the result of a disturbing force that is applied once and then removed. Forced vibration occurs as a result of a force applied repeatedly to a system [4] . All machines have some amount of forced vibration. However, in some cases this vibration can cause damage to machinery. Understanding vibration is essential for any system that will be exposed to motion. Equipment such as strain gauges and piezoelectric accelerometers have been adequate in measuring vibration in the past; however, due to increased performance requirements and subsequent reductions in vibration, these methods are slowly being replaced by laserbased measurement systems. One reason for the slow transition is that part of the system in these methods must be mounted on the surface of the object being measured which can change the mass thus alter the frequency and mode shape of the vibrating object. At this time however, the high expenses to monitor precision vibration is a challenge, and there is a need for more cost-effective methods of vibration analysis. This paper outlines a lower cost laser-based method of measuring vibration with minimum surface contact.
INTRODUCTION
During the design and development of any new product; engineers, designers and manufacturing technicians add safety factors to their product to make the design robust enough to overcome abnormalities. Most of these safety factors are based on experience and previous history of similar designs. In the past, companies were able to perform long term tests to validate their designs; parts and systems were placed inside environmental chambers or high temperature and humidity rooms for months and even years in order to accelerate failures and determine the design's reliability. However, demand for higher performance and faster turnaround have driven companies to design, develop and manufacture new products in months rather than years.
A shorter development phase has been accomplished by performing extensive capability studies and design of experiments (DOE) to determine equipment capability and part interaction relationships. More individual component and system stress analysis are being performed to predict reliability and develop a robust risk analysis. Companies that in particular provide products to the aviation, automotive industries are relying more and more on advanced vibration analysis testing to predict some aspects of product reliability.
LASER DOPPLER VIBROMETERS
A laser Doppler vibrometer works on the basis of a change in the wavelength ( ) λ or frequency ( ) due to relative motion between a laser, detector and the object undergoing vibration testing. Fig. 1 
illustrates this
Doppler effect by illustrating a series of successive waves spaced at regular intervals with a wavelength λ passing through an object. If the object is in motion with a velocity ν, it can be shown that the wavelength and frequency will be altered and be given by the following equations:
where c = speed of light in vacuum f = frequency of laser source
If the object moves away from the light source ( ) v > 0 , then the frequency is shifted to smaller values and if it moves towards the beam source ( ) v < 0 , then an increased frequency is produced. The biggest limitation of the laser Doppler scanning vibrometer is that it is restricted to linear vibration. If the test requires the measurement of dynamic vibration, e.g. a turbine rotor or a fan blade, either two lasers are needed or a point needs to be measured at two different angles. Both of these approaches increase time and cost.
EXPERIMENTAL DESIGN
The case study reported here is related to a fan manufacturing company that experienced fatigue failures in the leadwires of a new product and showcases the interest in vibration analysis. The purpose of this work was to develop a noncontact vibration analysis system using an innovative laser-based methodology. The resulting solution would cost less than that of currently available systems.
Theory
Measurement of the frequency and fluctuation of a vibrating object consists of reflecting a laser beam off its surface and onto a position sensing detector (PSD) as shown in Fig 
Process
The measurement procedure began by placing a piece of a highly reflective micro-prismatic sheet on the surface of the vibrating object. The weight of the piece of micro-prismatic sheet was not significant enough to affect the results of the measurement. In order for the laser beam to be reflected off the micro-prismatic sheet, it was aimed at a small angle relative to the normal. The angle between the initial beam and the reflection was calculated by measuring the distance between the laser and the PSD and the distance of the PSD to the micro-prismatic sheet shown in Fig. 3 . This angle was controlled by mounting the laser and the PSD on separate rotating holding fixtures. The PSD was a 2-axis continuous Tetra-Lateral position sensor that consisted of a photodiode resistive layer. The PSD produces an electrical current proportional to the intensity of the light incident on its surface. Four distinct currents are produced depending where on the surface of the PSD the reflected laser beam strikes. The position of the laser beam was determined using the four outputs of the PSD (A,B,C,D) and the response curve shown in Fig. 4 Equations (1) and (2) were used to calculate the normalized position coordinates of the reflected beam.
where x2 and x1 are the photocurrent signals from each contact; x and y correspond to the position coordinates.
To determine frequency and fluctuation, the signals from the PSD can be analyzed using two types of software: VisSim (Fig. 5) or LabView (Fig. 6) . A program can be constructed within these applications to display both outcomes simultaneously. 
RESULTS

Validation Test
The purpose of this test was to validate that the test equipment could repetitively measure the frequency and fluctuation of an object exposed to motion. A loudspeaker was placed 1" from the bottom of a circular plate (20" diameter) and a frequency generator was used to induce vibrations on the plate.
A mirror was placed on top of a piece of clay that was then placed on the surface of the plate; this set-up was used instead of a micro-prismatic sheet in order to angle the reflected laser beam onto the PSD. The mirror/clay in this case could have altered the frequency and mode shape of the signal; however, this would not have affected the repeatability of the results. A photograph of the experimental setup is shown in Figure 7 . 
Frequency Test
To determine if the signal from the PSD was sensing the right frequencies; the plate was exercised at 18 different frequencies from 10 Hz to 150 Hz in increments of 10 Hz and from 150 Hz to 300 Hz in increments of 50 Hz. The frequency in each instance was accurately detected by the PSD. Figure 8 shows the frequency reading (0.06) of the plate at 60 Hz. 
Flucuation (displacement) Verification
The fluctuation of the plate at each of the above frequencies was recorded to determine if the signal from the PSD could be used to measure vibration. The signal from the PSD provided 20,000 points of data (1,000 points per second) for analysis. Figure 9 shows the fluctuation of the plate at 60 Hz. 
Repeatability Verification
To determine if the system could measure the data repetitively; the laser and PSD were moved 5 times from their original position and brought back (26" from the plate). The speaker was turned off when the laser and PSD were moved away and turned back on when they were moved to the original position. We noted that there was no difference between the high and low peaks of the signal.
The p-values for the different tests and readings were less than 0.05, which indicated a greater than 95% probability the measurements were from the same population.
Applications
Vibration measurements can conceivably be taken on many rotating or reciprocating machines. This includes fans, blowers, centrifuges, turbines, engines, mills, grinders, alternators, compressors, motors, pumps, generators, gear boxes, etc. It could be used for periodic monitoring of equipment or in the field to detect a pending mechanical malfunction. Early detection could prevent an expensive machine from failing in operation, potentially reducing the cost of repair and downtime. On many machines, dangerous operating conditions could be corrected if the machine were stopped before damage ensues.
In a turbine/rotor, a non-rotating area that is exposed to vibration could be identified and have vibration limits set during the design stage. The vibration would be monitored to determine if it reaches excessive limits. A validation test was performed to replicate a test method used by Pratt and Whitney to inspect rotor blades for possible weak areas.
This testing approach might be used to predict the breakthrough point of an object during a drilling operation. The breakthrough point is the moment when the hole has been drilled through but the residual material remains weakly attached to the object. It is important when drilling cooling holes in pressure vessels, turbine and rotor blades; the loose material can potentially drop into the cooling air path and cause blockage or damage to the interior surfaces. Once a breakthrough point is determined, drilling is stopped and any residual material is forced out thru the hole by hot air injected onto the object.
To determine if the proposed system could measure the frequency and displacement of an object while being drilled, the following test was performed. A 1 x 1 x 1/16 piece of steel was placed on a CNC machine and supported by two clamps on the ends as shown in Fig. 12 . A mirror was placed on one of the objects to reflect the laser beam. One side of the steel surface was then drilled by a 1/8 carbide drill bit at a speed of 800 RPM with a feed speed of 5 mm/minute. 
where N = Number of edges The system was able to detect the displacement ( Figure 13 ) and frequency ( Figure 14) undergone by the object during the drilling operation. Six tests were performed that provided similar results ( Figures 15 and 16) ; however, detection of the breakthrough point proved inconclusive. 
